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(54) Title: SUPPORTED DENDRIMER CATALYST 

(54) Titre: CATALYSEUR SUR SUPPORT A BASE DE DENDRIMERES 



(57) Abstract 

Dendrimers were directly and covalently attached to solid supports via siloxy bonds. After complexation with transition metals, 
the dendrimers were used as catalysts. The supported dendrimers were stable and easily separated from the reaction mixture. 

(57) Abrege 

On rattache directement et de maniere covalente des dendrimeres a des supports solides par le moyen de liaisons au siloxy. 
Apres complexation au moyen de metaux de transition, ces dendrimeres sont utilises comme catalyseurs. Ces dendrimeres sur 
support sont stables et peuvent facilement etre separes du melange reactionnel. 
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TITLE 

Supported Dendrimer Catalyst 
FIELD OF INVENTION 

The invention relates to a novel method of supporting dendrimers on a solid 
support, and their use as catalysts. 

10 BACKGROUND 

Dendrimers, also known as arbolols, cascade molecules, dendritic polymers, or 
starburst polymers, have been attracting recent attention because of their unique 
structure and properties. The name comes from the Greek word for tree, in reference 
to their branch-like structure. They are a type of 3 -dimensional, hyperbranched 
polymer, but differ in their ability to be prepared in a highly controlled, stepwise 
manner with narrow molecular weight distributions, many with no variation at all in 
weight. Dendrimers have a central core and an outer "surface" consisting of a high 
number of terminal groups which can be functionalized to provide the desired 
20 properties. 

There are two main strategies for synthesizing dendrimers. In the divergent 
approach, the molecules are built from the central core out to the periphery. The 
convergent approach builds the molecule from the outer periphery towards the inner 
core. The divergent approach is outlined below. 

The dendrimer starts with a core having at least two functional end groups 
capable of further reaction. Monomer units, having at least three functional end 
groups, are added in cycles to the core via one functional end group each, building a 
dendrimer framework. A monomer having three such end groups is considered to 
have a branch multiplicity of 2, indicating that two further monomers can be added to 
30 the framework on each existing branch. Each successive cycle is called a generation. 
In each generation a set number of monomer units are added to the functional end 
groups of the dendrimer framework, leading to a series of layers. This number is an 
exact multiple of the multiplicity. These cycles continue until the desired number of 
generations are added. 
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A pioneer in this type of chemistry is Donald Tomalia, who wrote an early 
review summarizing the history of area (D. Tomalia, et al, Angew. Chem. Int. Ed. 
Engl, 29 (1990), 138-75). Recent developments were reviewed in 1997 (F. Zeng and 
S. Zimmerman, Chem. Rev., 97 (1990), 1681-1712), 

Liu, etal (Angew. Chem. Int. Ed. Engl., 36 (1997), 2114-16, and J. Am. 
Chem. Soc. 1 19, (1997), 8720-21) describe a dendrimer covalently attached to a solid 
support. However, the dendrimer is not attached directly to the support but is attached 

1 0 to reactive sites on an intervening randomly dispersed polymer layer. 

One of the many potential uses of dendrimers has been in catalysis. Metals 
can be attached to the surface of the dendrimers by complexation with appropriate 
functional groups. They combine the advantages of homogenous catalysis with 
heterogeneous catalysis since they have a specific number of structurally defined, 
catalytically active metal centers as in traditional homogenous catalysis, as well the 
ability for easily separation from the reaction mixture and reuse as in heterogeneous 
catalysis. Miedaner, et al. (Inorg. Chem., 33 (1990), 5482-5490), Knapen, etal. 
(Nature, 372 (1994), 659-663), and Reetz etal. (Angew. Chem. Int. Ed. Engl, 36 
(1997), 1526-1528) all used small dendrimers complexed with Pd andNi compounds 

20 as homogenous catalysts. The dendrimers were separated after reaction by 

precipitation and filtration. Recycling of the used catalysts was suggested but not 
demonstrated. 

A published abstract (http://www^sru.ca/csc98/prog^am/00000383.htm) for the 
81st Canadian Society for Chemistry Conference and Exhibition stated that a version 
of Tomalia' s dendrimer complexed to [Rh(CO) 2 Cl] 2 was used as a catalyst for 
hydroformylation. The paper was withdrawn before presentation. 

A need exists for a method to prepare true heterogeneous dendrimer catalysts 
that are efficient and can be easily removed from reaction mixtures without an added 
precipitation step, but can also be recycled and used multiple times. 
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SUMMARY OF THE INVENTION 

In accordance with the present invention, a supported dendrimer composition 
has been found comprising a siloxy core and branches emanating from the core, 
wherein said core is directly and covalently bonded to a solid support. The solid 
support is selected from the group consisting of Si0 2 , Ti0 2 , A1 2 0 3 , Zr0 2 , clays, 
zeolites, modified carbons, and organic resins. Preferably, the supported dendrimer 
composition core and branches are of the formula 

10 Si(0) m (OH) 3 . m [ZN](AB) g (T) 2g 
wherein: 

Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
Ais-(CHR 3 )CHR4Y-; 

Y is selected from the group consisting of -C(0)NH-, -P(0)(OR 5 )NH-, 
and -C(N)NH-; 

B is -R^NH -; 

T is selected from the group consisting of H, alkyl, -(CRgR^yNH^, 
-(CRgRxOyPCRuh, ^d <CR t R 9 ) y P(NH) 2> 
20 R 3 , R4, R5, R8» and R9 are independently selected from the group 

consisting of hydrogen, alkyl or aryl; 

R$ is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

Rj 0 is selected from the group consisting of hydrogen, alkyl, aryl, 

alkoxy and aryloxy; 
m = 0-3; 
y = 2-12; and 

G 

g = ^ 2 G where G ~ number of generations in the dendrimer. 
1 

30 More preferably, the solid support is Si0 2 , Z is -(CH2) 3 -, A is 

-(CH2) 2 C(0)NH-, B is -(CH 2 ) 2 N-, and T is -(CH 2 ) 2 NH 2 . The supported dendrimer 
composition can optionally be complexed at T with a transition metal, preferably Rh. 

The invention also provides a process for the preparation of a dendrimer 
composition supported on a solid support comprising the steps of: 

a. directly attaching a siloxy core group to the solid support by covalent 
bonding between at least one oxygen on the siloxy group and the surface of the solid 
support; 
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b. directly attaching a linker group to the core group, wherein the linker 
molecule contains at least two reactive functional groups; and 

c. constructing the arms of the dendrimer utilizing the core group as the 
starting point of the dendrimer. 

Preferably, the supported dendrimer prepared in the above process is composed 
of core and branches of the formula 

Si(0) m (OH) 3 . m [ZN](AB) g (T)2 g 

wherein: 

10 Z is selected from the group consisting of optionally substituted 

C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
A is -(CHR 3 )CHR4Y-; 

Y is selected from the group consisting of -C(0)NH-, -P(O)(0R 5 )NH-, 
and-C(N)NH-; 

B is -R^NH s 

T is selected from the group consisting of H, alkyl, -(CRgR^Nr^, 
-(CR 8 R9) y P(R 10 )2» and -(CR 8 R9)yP(NH) 2 , 

R 3 , R4, R 5 , Rg, and R9 are independently selected from the group 
consisting of hydrogen, alkyl or aryl; 
20 R5 is selected from the group consisting of optionally substituted 

C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

R 10 is selected from the group consisting of hydrogen, alkyl, aryl, 

alkoxy and aryloxy; 
m = 0-3; 
y = 2-12; and 

G 

g = £ 2° where G = number of generations in the dendrimer. 

More preferably, the solid support is Si0 2 , Z is -(CH 2 ) 3 -, A is 
-(CH 2 ) 2 C(0)NH-, B is -(CH 2 ) 2 N-, and T is -(CH 2 ) 2 NH 2 . The supported dendrimer 
30 composition can optionally be complexed at T with a transition metal, preferably Rh. 

The supported dendrimer composition may be used for a hydroformylation 
process comprising reacting an ethylenically unsaturated compound with a source of 
CO and H 2 in the presence of a supported catalyst. Preferably, the supported 
dendrimer used in the hydroformylation process is composed of core and branches of 
the formula 

Si(0) m (OH)3. in [ZN](AB) g (T)2g 

wherein: 
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Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
A is -(CHR 3 )CHR4Y -; 

Y is selected from the group consisting of -C(0)NH-, -P(0)(OR 5 )NH-, 
and -C(N)NH-; 

B is -R^NH -; 

T is selected from the group consisting of H, alkyl, -(CRgR^NH^ 
-(CR 8 R9) y P(R 10 ) 2 , and -(CRgR^PCNH^, 

R 3 , R4, R 5 , Rg, and R9 are independently selected from the group 
10 consisting of hydrogen, alkyl or aryl; 

R$ is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

R 10 is selected from the group consisting of hydrogen, alkyl, aryl, 

alkoxy and aryloxy; 
m = 0-3; 
y = 2-12; and 

G 

g =^2 G where G = number of generations in the dendrimer. 
1 

More preferably, the solid support is SiO^ Z is -(CH 2 >3-, A is 
20 -(CH2) 2 C(0)NH-, B is -(CH^N-, and T is -(CH 2 ) 2 NH 2 . The supported dendrimer 
composition can optionally be complexed at T with a transition metal, preferably Rh. 

The invention also provides for a Pd supported dendrimer composition that 
may be used for carbon-carbon bond formation comprising contacting an unsaturated 
halide of the formula R'-X wherein X is a halogen and R' is selected from the group 
consisting of aryl, alkenyl and alkynyl, with a vinylic compound of the formula 
H 2 C=CH-R" wherein R" is selected from the group consisting of hydrogen, 
hydrocarbyl, substituted hydrocarbyl, hyarocarbylamino, alkoxy, aryloxy, 
heterocyclic, carboxy and carboxy ester, to produce a compound of the formula 
R'-CH=CH-R" in the presence of a supported catalyst wherein the supported catalyst 
30 comprises a supported dendrimer composition comprising a siloxy core and branches 
emanating from the core, wherein said core is directly and covalentiy bonded to a 
solid. Optionally the reaction may be performed intramolecularly resulting in a cyclic 
compound where R' and R" together form a ring. 

A preferred version of the Pd catalyst is where the solid support is selected 
from the group consisting of Si0 2 , Ti0 2 , A1 2 0 3 , Zr0 2 , clays, zeolites, modified 
carbons, and organic resins and the supported dendrimer composition is of the 
formula 
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Si(0) m (OH) 3 . m [ZN](AB) g (T)2g 

wherein: 

Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
A is -(CHR 3 )CHR 4 Y -; 

Y is selected from the group consisting of -C(0)NH-, -P(0)(OR 5 )NH-, 
and-C(N)NH-; 

B is -RtfNH -; 

T is selected from the group consisting of H, alkyl, -(CR 8 R9)yNH 2 , 
10 -(CR 8 R9) y P(Rio)2> and -(CR 8 R 9 ) y P(NH) 2 , 

R 3 , R4, R 5 , R 8s and R9 are independently selected from the group 
consisting of hydrogen, alkyl or aryl; 

R$ is selected from the group consisting of optionally substituted! 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

Rj 0 is selected from the group consisting of hydrogen, alkyl, aryl, 

alkoxy and aryioxy; 

m = 0-3; 
y = 2-12; and 

G 

g ~^2 G where G = number of generations in the dendrimer. 

1 

20 

More preferably the solid support is Si0 2 , Z is -(0112)3-, A is 
-(CH 2 )2C(0)NH-, B is -(CH^N-, and T is -(CH 2 )P(C 6 H 5 )2, and the supported 
dendrimer composition is complexed at T with Pd. Most preferably R' is selected 
from the group consisting of aryl and substituted aryl, and R" is selected from the 
group consisting of carboxy, carboxy ester, aryl and substituted aryl. 

In another aspect of the invention, a process for the preparation of a 
supported dendrimer composition, wherein a siloxy core is directly and covalently 
bounded to a solid support comprising the steps of: 

a. constructing the arms of the dendrimer utilizing a core group as the 
30 starting point of the dendrimer, wherein the core group is attached via a linker 

group to a siloxy core group; and 

b. directly attaching the siloxy group to the solid support via covalent 
bonding between at least one oxygen on the siloxy group and the surface of the 
solid support. 
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DETAILED DESCRIPTION OF THE INVENTION 

The dendrimers of the invention are defined as molecular constructions having 
a branched structure in which polymeric arms are attached to a core, and extend 
radially away from it. The arms may be linear, simple or star dendrimers, or may 
themselves be further branched, or even comprise closed branched structures such as 
loops. The arms are composed of segments, which are defined as any linear section 
between branch points (or extending out from a single branch point in the case of a 
linear or unbranched arm). Together the arms comprise the major part of the mass of 
1 0 the polymer and dominate its properties. 

Dendrimers may typically be distinguished from other types of branched 
polymers in that: 

(a) The arms are long with respect to the size of the core. The ratio of the 
mean molecular weight of individual arms to the molecular weight of the core should 
be greater than or equal to one. 

(b) The arms are relatively closely spaced on the core. The mean number of 
polymer repeat units in the case of polymeric cores (or backbone atoms where the 
core is not polymeric), per branch point on the core should be less than or equal to 25, 
preferably between 1 to 20 and most preferably between 1 and 4. 

20 (c) The material is relatively highly branched. The mean number of polymer 

repeat units in the arm segments (i.e., between branch points) should not exceed 500, 
preferably being less than 150, most preferably less than 50, preferably more than 4, 
more preferably more than 10 and most preferably more than 20. 

There is no implication of regularity of structure beyond the definitions above; 
the arms may differ in length, and/or in structure and/or in spacing on the core. 
Further, the arms may be a mixture of linear and branched structures. Structures with 
arms of various chemical compositions and/or differing tenninating groups fall within 
this definition. 

The core material in the instant invention comprises a siloxy group directly 
30 and covalently bonded to a solid support through at least one oxygen atom on the 
siloxy group, preferably all three. The siloxy core group is of the formula 
Si(0) m (OH)3. mj where m is equal to the number of covalent attachments to the solid 
support. The remainder of the dendrimer is directly attached to the siloxy core 
through a single branch point on the Si atom. By directly it is meant that the 
dendrimer is attached to the siloxy either directly or through a small linker, preferably 
a linker of less than 13 carbons, more preferably n-propyl. 

The supported dendrimers of the instant invention have the advantage that they 
are attached to particulate solid supports, which are suitable to be used under most 
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reaction conditions. They combine the advantages of heterogeneous catalysts with 
their simple separation from the reaction products, with the stability of homogenous 
catalysts. Since the dendrimers are covalently and directly attached to the solid 
supports, they are less likely to be separated from the supports than catalysts attached 
to solid supports through indirect means or through large, bulky intermediate linkers. 

The supported dendrimers of the instant invention also have the advantage that 
they can be easily separated from reaction solutions of all types. Unsupported 
dendrimers tend to have very small particle sizes, some in the order of nanometers. 
Separation of these dendrimers is complicated and typically requires the use of 
1 0 ultra-filtration techniques. Embodiments can be made with particle sizes in the range 
of 35-70 um for powders, with particles suitable for fixed bed uses in the range of 5 
jam to 20 mm. Separation techniques are therefore simplified. Techniques that can be 
used include membrane filtration for fine particles and standard filtration techniques 
for larger particles. 

The solid support is any solid material to which the siloxy group can be 
covalently bound. Preferred supports are Si02, A1 2 0 3 , Ti0 2 , Zr0 2 , clays, zeolites, 
and modified carbons, with SiC^ being the most preferred. The supports may be used 
as is or may be surface modified. 

The dendrimer arms attached to the siloxy core may consist of linear organic 
20 (aromatic or aliphatic) or inorganic oligomers or polymers. The connecting atoms can 
consist of any material, which can form oligomers such as carbon, silicon, 
phosphorous, and the like. The arms may be linear, lightly branched, highly 
branched, or cross-linked, and preferably at least one of the arms should contain at 
least one further branch and contain at least two branch points. 

A preferred embodiment of the instant invention consists of a siloxy core 
bonded to a dendrimer via an amine functional group through an alkyl or aryl link, of 
the formula Si(0) m (OH) 3 _ m [ZN], wherein m is 0-3, Z is the alkyl or aryl link, and the 
two starting arms of the dendrimer are attached to the N. The alkyl or aryl linkage Z 
is hereby defined as any optionally substituted C2-C12 straight chain or branched 
30 alkyl chain, cycloalkyl group, or aryl group. Examples include but are not limited to 
ethyl, n-propyl, isopropyl, n-butyl, isobutyl, tert-butyl, cyclohexyl, and phenyl. A 
preferred embodiment is of the formula -(CRiR 2 )(CH 2 ) x where R\ and R 2 are 
hydrogen or alkyl and x is 1 -1 1 . Most preferred is where and R 2 are H and x is 3. 

One embodiment of a dendrimer in the instant invention that is directly and 
covalently bonded to a solid support via a siloxy core can be described as 
Si(0) m (OH) 3 . m [ZN](AB) g (T)2g wherein Si(0) m (OH) 3 . m and Z is as defined above; 
A is -(CHR 3 )CHR 4 Y-; Y is selected from the group consisting of -C(0)NH-, 
-P(0)(OR 5 )NH-, and -C(N)NH-; B is -R 6 NH-; T is selected from the group consisting 
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of H, alky], -(CR 8 R9)yNH 2 , -(CRgR^yPCRjo^, and -(CR 8 R9) y P(NH) 2 ; R 3 , R4, R 5> 
R 8> and R 9 are independently selected from the group consisting of hydrogen, alkyl 
or aryl; R$ is selected from the group consisting of optionally substituted C2-C12 
straight chain or branched alkyl chain, cycloalkyl group, and aryl; R l0 is selected 
from the group consisting of hydrogen, alkyl, aryl, alkoxy and aryloxy; m = 0-3; n = 
0-1 1; x = 2-12; y = 1-9; and g = 

G 

1 

where G = number of generations in the dendrimer. 

A preferred embodiment is where Z is -(CH 2 ) 3 -, A is -(CH 2 ) 2 C(0)NH-, B is 
-(CH^N-, and T is -(CH 2 ) 2 NH 2 . 
1 0 One embodiment of the dendrimer attached to the linker can be prepared via 

the systematic addition of a compound having at least two reactive functional sites, 
and a diamine. These can be prepared by any method known in the art, including but 
not limited to the method described in U.S. Patent No. 4,507,466, hereby incorporated 
by reference. 

Compounds having at least two reactive functional sites that are suitable for 
preparing the dendrimer of the instant invention include but are not limited to 
compounds of the formula HR 3 C=CR4Y, wherein Y is -C(0)OR n , -P(0)(OR 5 ) 2 , 
-CN, or -C(0)NH 2 , and R 3 , R4, and R 5 are as defined above, and Rj \ is selected from 
the group consisting of hydrogen, alkyl or aryl. A preferred compound is methyl 
20 acrylate. Diamines suitable for this procedure include but are not limited to 

compounds of the formula H 2 N-(CR 8 R9) n -NH 2> wherein R 8 and R 9 are independently 
hydrogen, alkyl or aryl, and n is 1-12. A preferred compound is ethylenediamine. 

The dendrimers may be attached to the solid support by any method. One 
method is to attach the starting core group to the solid support, and then build the 
dendrimer using the core group as the starting point. The linker may be attached to 
the core group either before or after the core is attached to the solid support, and 
would have at least two reactive sites onto which the dendrimer arms could be 
attached. A preferred starting point would be the core/linker combination 
Si(0) m (OH) 3 . m [ZN], defined above. A more preferred embodiment is 
30 Si(0) 3 [(CH 2 ) 3 N]. 

Another method is to build the dendrimer upon a core group that contains 
functional groups suitable for direct, covalent attachment to the solid support. After 
the dendrimer is complete, the core group is attached to the solid support using any 
suitable reaction. A preferred embodiment of a core group is H 2 N- Z-Si(OR 10 ) 3 , 
wherein Z is as defined above and Rjq is hydrogen, alkyl or aryl. A more preferred 
embodiment is H 2 N-(CH 2 ) 3 -Si(OMe) 3 . 

9 
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An additional embodiment of the instant invention is a supported dendrimer 
wherein the terminal functional groups at the end of the branches are complexed to a 
transition metal. The amount of complexation can vary from 1 to 100% of the 
terminal functional groups complexed to a metal. As used herein, transition metal 
means any metal from atomic number 21 up to and including 82, in addition to the 
metals commonly known as the actinides. Preferred metals are those of Periodic 
Group VIII. A more preferred metal is Rh. The transition metal may contain other 
ligands or counterions. 

The complexation can be performed using any method known to the skilled 
artisan. One preferred method is to dissolve a salt or complex of the desired metal in 
a solvent, then to add the supported dendrimer. After stirring at room temperature for 
the desired period of time, the complexed supported dendrimer can be isolated by 
filtering through a microporous filter. A preferred method uses [RhCl(CO) 2 ]2 in 
hexane. 

The present invention also provides a process for hydroformylation, 
comprising reacting an organic compound comprising an ethylenically unsaturated 
compound optionally substituted with hydrocarbyl, substituted hydrocarbyl, or a 
silanyl compound with a source of CO and H 2 in the presence of a catalyst 
composition formed by the complexed supported dendrimers described previously. 

Representative ethylenically unsaturated compounds, which are useful in the 
process of this invention, and the corresponding terminal aldehyde compounds 
produced are shown in Scheme I, respectively, wherein like reference characters have 
same meaning. 



wherein R 1 and R 2 are independently H, hydrocarbyl, substituted hydrocarbyl, 
or silanyl. 

When R 2 is hydrogen, the corresponding terminal aldehyde compounds can be 
referred to as branched or linear, as shown in Scheme II. 




50 
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Branched Linear 

II 

By hydrocarbyl is meant a straight chain, branched or cyclic arrangement of 
carbon atoms connected by single, double, or triple carbon to carbon bonds and/or by 
ether linkages, and substituted accordingly with hydrogen atoms. Such hydrocarbyl 
groups may be aliphatic and/or aromatic. Examples of hydrocarbyl groups include 
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, t-butyl, cyclopropyl, cyclobutyl, 

10 cyclopentyl, methylcyclopentyl, cyclohexyl, methylcyclohexyl, benzyl, phenyl, 
o-tolyl, m-tolyl, p-tolyl, xylyl, vinyl, allyl, butenyl, cyclohexenyl, cyclooctenyl, 
cyclooctadienyl, and butynyl. Examples of substituted hydrocarbyl groups include 
acetoxy, benzoyloxy, acetyl, and pentenenitrile. 

By carboxy is meant a -COOH group and derivatives thereof, such as salts and 
acid halides. By carboxyester it is meant an alkyl or aryl ester of a carboxy group. 

Silanyi groups are hereby defined as -SiR 3 , wherein R 3 is H, alkyl, aryl, 
alkoxy, or aryloxy. Examples of silanyi groups include trimethoxysilyl, 
triphenylsilyl, and triethoxysilyl. 

The ethylenically unsaturated starting materials useful in this invention include 

20 unsaturated organic compounds containing from 2 to approximately 30 carbon atoms. 
As a practical matter, when ethylenically unsaturated compounds are used in 
accordance with this invention, up to about 10% by weight of the monoethylenically 
unsaturated compound may be present in the form of a conjugated isomer, which itself 
may undergo hydroformylation. Suitable unsaturated compounds include 
unsubstituted hydrocarbons as well as hydrocarbons substituted with groups, which do 
not attack the catalyst, such as cyano. These unsaturated compounds include 
monoethylenically unsaturated compounds containing from 2 to 30 carbons such as 
ethylene, propylene, 1-butene, 2-pentene, 2-hexene, 1-octene, etc.; nonconjugated 
diethylenically unsaturated compounds such as allene; aromatic compounds such as 

30 styrene, 4-r-butyl-styrene, 2-vinylnaphthalene, 9-vinylanthracene, and substituted 

compounds such as 4-methoxystyrene, allylphenylether, vinyl benzoate, vinyl acetate, 
3-pentenenitrile, 4-pentenenitrile, methyl pent-3-enoate; silanyi compounds such as 
trimethoxysilyl and triphenylsilyl, and ethylenically unsaturated compounds having 
perfluoroalkyl substituents such as, for example, C z F 2z+l , where z is an integer of up 
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to 20. The ethylenically unsaturated compounds may also be conjugated to an ester 
group such as methyl pent-2-enoate. 

The reaction conditions of the hydroformylation process according to this 
invention are in general the same as used in a conventional process, described, for 
example, in U.S. 4,769,498, hereby incorporated by reference, and will be dependent 
on the particular starting ethylenically unsaturated organic compound. For example, 
the temperature can be from room temperature to 200°C, preferably from room 
temperature to 150°C The pressure may vary from atmospheric pressure to 20 MPa, 
preferably from 0.15 to 10 MPa and more preferably from 0.2 to 1 MPa. The pressure 
10 is, as a rule, equal to the combined hydrogen and carbon monoxide partial pressure. 
Extra inert gases may however be present. The molar ratio of hydrogen to carbon 
monoxide is generally between 10 to 1 and 1 to 10, preferably between 6 to 1 and 1 to 
2. 

The amount of catalyst is not specially limited, but is optionally selected so that 
favorable results can be obtained with respect to catalyst activity and economy. 

The choice of solvent is not critical provided the solvent is not detrimental to 
catalyst, reactant and product. The solvent may be a mixture of reactants, such as the 
starting unsaturated compound, the aldehyde product and/or by-products. A preferred 
solvent is dichloromethane. The reaction may also be conducted with reactants and 
20 products in the gas phase. 

Preferably, when a liquid reaction medium is used, the reaction mixture is 
agitated, such as by stirring or shaking. 

For the vapor phase hydroformylation, the preferred temperature range is from 
about 10°C to about 180°C. The temperature must be chosen so as to maintain all of 
the reactants and products in the vapor phase, but low enough to prevent deterioration 
of the catalyst. The particular preferred temperature depends somewhat on the 
catalyst and substrate being used, the olefinic compound being reacted and the desired 
reaction rate. The operating pressure is not particularly critical and can conveniently 
be from about 101.3 to 1013 kPa. The pressure and temperature combination must be 
30 chosen so that all reactants and products remain in the vapor phase. 

Along with the rhodium other suitable metals may be used with the dendrimers 
described above to produce catalysts that may be used with other reaction types. 
These include hydrogenations and reductions of such groups as nitro substituted 
compounds, olefins, ct-p unsaturated aldehydes, amides, and nitriles, reductive 
carbonylations, hydrocyanations, intramolecular reduction carbonylation, 
carbomethyoxylation, and hydrocarboxylations. 

The present invention also provides a process for carbon-carbon bond 
formation, comprising contacting an unsaturated halide of the formula R'-X wherein 



12 



WO 00/02656 



PCT/CA99/00625 



X is a halogen and R 1 is selected from the group consisting of aryl, alkenyl and 
alkynyl, with a vinylic compound of the formula H 2 C=CH-R" wherein R" is selected 
from the group consisting of hydrogen, hydrocarbyl, substituted hydrocarbyl, 
hydrocarbylamino, alkoxy, aryloxy, heterocyclic, carboxy and carboxyester, to 
produce a compound of the formula R'-CH=CH-R" in the presence of a Pd catalyst 
composition formed by the complexed supported dendrimers described previously. 

The process for carbon-carbon bond formation can be, but is not limited to, 
the Heck reaction. The Heck reaction is a well known, very versatile reaction and any 
modification can be performed using the catalysts of the instant invention, including 
10 but not limited to those described in A. de Meijer, et al., Angexv. Chem., Int. Ed Engl, 
1994, 33, 2379. The reaction may also occur intramolecularly; that is where R' and 
R" are connected via substituents and form one compound, forming a ring during the 
reaction. 



The amount of catalyst is not specially limited, but is optionally selected so 
that favorable results can be obtained with respect to catalyst activity and economy. 

The choice of solvent is not critical provided the solvent is not detrimental to 
catalyst, reactant and product. The solvent may be a mixture of reactants, such as the 
starting unsaturated compound, the product and/or by-products. A preferred solvent is 
20 a dipolar aprotic solvent such as dimethylformamide. 

Preferably, when a liquid reaction medium is used, the reaction mixture is 
agitated, such as by stirring or shaking. 

A preferred version of the process of the instant invention is where R' is 
selected from the group consisting of aryl and substituted aryl, and R" is selected 
from the group consisting of carboxy, carboxy ester, aryl and substituted aryl. 

The following non-limiting Examples are meant to illustrate the invention but 
are not intended to limit it in any way. 
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EXAMPLES 



EXAMPLE 1 




2 



10 Aminopropyl silica gel (0.18mol amino groups, 20g, Fluka, Buchs 

Switzerland) and methyl acrylate (0.18mol, 15.65g, 99%, Aldrich, Milwaukee WI) 
were stirred together at 50°C under nitrogen for 3 days in 100ml of methanol (EM 
Science, Gibbstown, NJ). The suspension was cooled and filtered through a medium 
pore frit, then washed three times each with 30 ml of methanol and 30ml diethyl ether. 
Residual solvent was removed in vacuo over 24 hrs. 22.93 g of the resulting methyl 
gel propylaminopropionate solid (3) was isolated in 96% yield. 

20g of the resulting methyl gel propylaminopropionate (0.03mol ester groups) 
and 100ml of ethylenediamine (99%, Aldrich) in 100ml of methanol were stirred at 
room temperature under nitrogen for 5 days. The resulting 1 st generation dendrimer 

20 on silica (5) was isolated by filtration, then washed with three times each with 30ml 
methanol and 30ml dichloromethane. Residual solvent was removed in vacuo over 24 
hrs. 20.80 g of the dendrimer was isolated in 95% yield. 



5+2 



6+4 




The 2 nd generation dendrimer was prepared by reacting 20.80g of the 1 st 
generation dendrimer on silica (0.028mol amino groups) with O.Smol, 43.05g of 
methyl acrylate as described above, except that the reaction mixture was stirred under 
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nitrogen for 5 days instead of 3 days. The resulting solid was then reacted after 
isolation with 200ml of ethyienediamine as described above, with the exception that 
the reaction mixture was stirred under nitrogen for 7 days instead of 5 days. The 2 n 
generation dendrimer (7, 26.3g) was isolated in 91% yield based on 5. 




2 



The 3 rd generation dendrimer was prepared by reacting 26.3g of the 2 nd 
10 generation dendrimer on silica (0.05 lmol amino groups) with 1 .Omol, 86.09g of 

methyl acrylate as described for the preparation of the 2 nd generation dendrimer. The 
resulting solid was then reacted after isolation with 250ml of ethyienediamine as 
described above. The 3rd generation dendrimer (9, 36.83g) was isolated in 94% yield 
based on 7. 

EXAMPLE 2 

Omnisolve® grade methanol (EM Science, Gibbstown, NJ) was degassed over 
molecular sieve (BDH 4 angstrom, 1/16 inch in pellets, Poole, Dorset BH15 1TD 

20 UK). 5.4 ml of diphenylphosphine (3 1 .0 mmol) was added to 20 ml of the degassed 
methanol that contained 0.852g (28.4mmol) paraformaldehyde. The mixture was 
stirred at 70°C for 30 min. and then cooled to room temperature. To this solution was 
added 0.8 16g (1.82mmol NH 2 ) of 2 nd generation dendrimer on silica from Example 1, 
along with 12 ml methanol and 60 ml dried toluene. The mixture was again stirred at 
70°C for 1 .5 hrs, then cooled overnight at room temperature. The resulting 
phosphinated dendrimer was isolated by filtration using a 0.45 jam membrane filter 
under a stream of argon, and then washed with about 50 ml of degassed methanol. 
Residual solvent was removed in vacuo, then the resulting solid stored under argon. 
60 mg of [Rh(CO) 2 Cl] 2 (Pressure Chemical Co., Pittsburgh, PA) (0.15mmol) 

30 was added to a solution prepared by adding 0.40g of the phosphinated 2 nd generation 
dendrimer into 20 ml of freshly distilled hexanes. The mixture was stirred at room 
temperature overnight under nitrogen. The resulting complexed dendrimer was 
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filtered through a 0.45 urn membrane filter under a stream of argon, and washed with 
20 ml dry hexanes. Residual solvent was removed in vacuo. 

EXAMPLES 3-1 1 

25 mg of the complexed phosphinated 2 nd and 3 rd dendrimers from Example 2 
were added to glass liners that contained 2.0 mmol of an olefin in 10 ml 
dichloromethane. All olefins were obtained from Aldrich, Milwaukee WI. The glass 
liners were then placed in an autoclave, which was charged with 500 psi of carbon 
10 monoxide and 500 psi of hydrogen, and stirred at 75°C for 24 hrs, unless otherwise 
indicated. The products were filtered through a 0.45 urn membrane filter and washed 
with 10 ml of dichloromethane. The solvent was removed in vacuo, and the products 
analyzed via proton NMR (Varian Gemini 200) to determine branched liner ratio and 
percent conversion. Results are shown in Table 1 . The catalyst used, 2 nd or 3 rd 
generation, is indicated. The 2 nd generation catalysts were recycled and reused four 
times at 75°C by washing 4 times with hexane. 
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TABLE 1 




Example 


Substrate 


B:L Ratio 


% Conversion 


10 


No. 




2nd 


3 rd 




3 rd 


3 




8:1 


8:1 


100 


100 


15 


4 




10:1 


8:1 


100 


100 


20 


5 


\ fj 


7:1 


7:1 


100 


100 


6 




7:1 


7:1 


100 


100 


25 


7 




>99:1 


- 


17 • 


- 


30 


8 




2:1 


2:1 


100 


100 




9 




19:1 


18:1 


100 


100 


35 


10 


0 


7:1 


9:1 


100 


100 




11 




1:2 


1:2 


60 


100 


40 















EXAMPLES 12-13 

Hydroformylations were performed with the complexed phosphinated 2 nd 
dendrimers using the procedure in Examples 3-1 1 , except that the reactions were run 
for 72 hrs instead of 24 hrs with the temperatures indicated in Table 2. The reactions 
10 were run neat; no additional solvent was added. Complexed dendrimers were 

digested in HC1 and HNO3 using standards techniques, and then analyzed by ICP for 

17 
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rhodium content. Turnover numbers (TN) were calculated using the equation (mmol 
of product)/(mmol of Rh)(time of reaction). 



TABLE 2 


Example No. 


Substrate 


Temp. °C 


mmol 
converted 


TN 
hr-1 


12 




22 


5 


4085 


13 


X^ 


35 


10 


8170 



EXAMPLES 14-24 

1 0 Hydroformylations were performed using the procedure in Examples 3-11, 

with a variety of different solvents used in place of the dichloromethane. Both the 2 nd 
generation complexed phosphinated dendrimer and 2 nd generation complexed 
unphosphinated dendrimer prepared in Example 2 were used. NMR was again used to 
determine % conversion and branchedrlinear ratio. Results on a variety of olefins are 
shown in Table 3. 

The catalyst used was recycled hi some of the examples, as indicated, 
Recycling was performed by rinsing with dry hexanes before reuse. 
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TABLE 3 


Example 
No. 


Catalyst 


Olefin 


Solvent 


B:L Ratio 


% Conversion 


Recycling 


14 


U 


MeO v ^ 
OMe 


Benzene 


100:0 


100 


- 


15 


U 


" h 1 
Ph 


Benzene 


88:12 


24 


- 


16 


U 


CP 


THF 


90:10 


90 


1 


17 


u 




CHoCh 


94:6 


100 


2 


18 


P 


MeO 

OMa 


Benzene 


7o:z4 


1 flA 

1UU 


i 
i 


19 


P 


MeO J 

OMe 


Benzene 


OJ.j / 






20 


P 


MeO 

OMe 


Benzene 


70:30 


75 


3 


21 


P 


MeO. _ 

MeO--| ^ 
OMe 


THF 


48:52 


100 


1 


22 


P 


MeO*^ | 

OMe 


THF 


58:42 


100 


2 


23 


P 


CP 


CH 2 C1 2 


92:8 


LOO 


1 


24 


P 




CH 2 C1 2 


90:10 


100 


2 



U = Unphosphinated dendrimer complex 
P = Phosphinated dendrimer complex 



EXAMPLES 25-36 

Hydroformylations were performed using the procedure in Examples 3-11, 
except that the temperature varied as shown in Table 4. All reaction times were 24 hrs 
unless shown otherwise. The catalyst used was either 2 nd or 3 rd generation complexed 
1 0 phosphinated dendrimer. 
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TABLE 4 


Ex. 
No. 


Olefin 


Temp. 
°C 


B:L Ratio 


% Conversion 


2nd Gen 


3rd Gen 


2nd Gen 


3rd Gen 


2 j 




75 


8:1 


8:1 


100 


100 


26 


65 


13:1 


13:1 


100 


100 


27 


45 


13:1 


- 


100 


- 


28 


22 


25:1-30:1 


- 


100 


- 


29 


5 


36h 


All 
branched 


- 


5 


- 


30 


0 

1 1 


75 


7:1 


9:1 


100 


100 


31 


65 




12:1 




100 


32 


35 


18:1 


18:1 


93 


46 


33 


22 


24h 


18:1-20:1 




26-52 




34 


48h 


17:1 


ND 


95 


20 


35 




75 


19:1 


18:1 


100 


100 


36 


22 


21:1 


ND 


29 


3 



ND = Not determined 



EXAMPLE 37 

0, 1 st , and 2 nd generation dendrimers were constructed on the surface of a silica 
gel particle (35-70 mm) as described in Example 1 . The dendrimers on silica were 
phosphonated in order to provide a coordination site for palladium. Double 
phosphinomethylation of each terminal amine moiety was carried out using 
diphenylphosphinomethanol prepared in situ from paraformaldehyde and 
1 0 diphenylphosphine as described in Example 2. 

A palladium complex was synthesized starting from palladium chloride, in situ 
formation of the bis(acetonitrile)palladium dichloride, as described in W. de Graff, et. 
al, Organometallics, 1989, 5, 2907, followed by displacement of the acetonitrile 
ligands with TMEDA (N,N,N\N\-tetramethylemylenedianiine). Reaction of this 
complex with methyl lithium gives the Pd(Me>2(TMEDA) complex shown below in 
65% overall yield. 
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PdCl, 



1. reflux MeCN 



2. TMEDA 



Me 2 

-N v ci 

\ / l.MeLi(2.1 cq.) 
p<j ^ 

^ / V 2.H 2 0 
N Cl 
Me 2 



Me2 
Mc 2 



The palladium complex was coraplexed to the dendrimer on silica by stirring 
the dendrimer (1.0 mmol w.r.t PPh2) in 20 ml degassed, freshly distilled benzene with 
one equivalent of the palladium complex (0.5 mmol), relative to the theoretical 
number of end phosphine groups for the respective dendrimer. The mixture was 
stirred at room temperature overnight under nitrogen. The product was filtered 
through a 0.45 um membrane filter under a stream of nitrogen and washed with ether 
(50 ml). Residual ether was removed in vacuo. The complexed dendrimers were 
10 characterized by 31 P solid state NMR (complexed 8 = 6 ppm, uncomplexed 8 = -27 
ppm) which indicated that the TMEDA group complexed to the Pd had been displaced 
by the diphenylphosphine groups on the dendrimer. 

These palladium complexed PPh2-PAMAM-Si02 dendrimers were digested 
with hydrofluoric acid or Aqua-Regia by microwave heating and analyzed for Pd 
content by ICP analysis. The palladium content of the various generations is 
summarized in Table 5. 



Table 5 



Palladium Content of PPh2-PAMAM-Si02 Dendrimers. 



Dendrimer 
Generation 


Palladium (%) a 


gPd/gSi 


umolPd/25 mg Si02 


G-0 


2.93 


0.0293 


6.91 


G-l 


1.34 


0.0134 


3.16 


G-2 


1.13 


0.0113 


2.66 



20 a. Determined by ICP analysis 



EXAMPLE 38 

Dimemylformamide (Aldrich) was used in anhydrous form. All the aryi 
bromides, iodobenzene and alkene substrates were purified before use (Aldrich). 6.0 
mmol each of styrene and bromobenzene, 6.6 mmol of NaOAc (base) were mixed 
with 50 ml of DMF (dimethylformamide). 20 ml of this solution was placed in a 50 
ml round bottom-flask equipped with a magnetic stirring bar and condenser connected 
to a vacuum line. The solution was flushed five times with nitrogen using a vacuum 
nitrogen cycle. The catalysts prepared in Example 12, generations 0 through 4, were 
30 then added. The autoclave was placed in an oil bath and the 120°C was reached by 
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stirring on a hot plate. After the appropriate reaction time, the reaction was allowed to 
cool to room temperature. The resulting solution was filtered to remove the catalyst. 
The filtrate was extracted with diethyl ether (4 x 40 ml), and the ether extracts were 
washed with brine and distilled water, followed by drying over magnesium sulfate. 
The product, trans stilbene, was analyzed by *H NMR spectroscopy and/or gas 
chromatography, and identified by comparison of spectral results with literature data 
Results are shown in Tables 6-7 below. The yields of stilbene was significantly less 
when generation 3 and 4 dendrimer complexes are used as catalysts. The best 
turnovers in terms of molecules of /rarts-stilbene formed per mol of palladium was 
1 0 achieved with the generation 2 catalyst. 



Table 6 

Conversions in the Heck Reaction of Styrene and Bromobenzene 



Time 


G-0 


G-l 


G-2 


G-3 


G-4 


6hr. 


67% 


10% 


17% 






24 hr. 


76% 


37% 


49% 


9% 


4% 


48 hr. 


79% 


47% 


59% 







Table 7 

Turnovers for Generations 0, 1 and 2 (m/m/hr) 



Dendrimer Generation 


Turnovers/hr. after 6 hr. 


Turnovers/hr. after 24 hr. 


0 


72 


21 


1 


31 


30 


2 


81 


58 



EXAMPLE 39 

20 The effect of temperature on the Heck reaction was studied with the 

Generation 2 catalyst. The reaction described in Example 38 was run at varying 
temperatures with the results shown in Table 8 below. At lower temperature the yields 
were low. At temperatures above 140°C the yield was reduced by catalyst 
deactivation with noticeable palladium black formation. 

Table 8 



Conversions in the Heck Reaction of Styrene and Bromobenzene 



25°C 


50°C 


80°C 


110°C 


140°C 


170°C 






5% 


69% 


44% 





WO 00/02656 



PCT/CA99/00625 



EXAMPLE 40 

The reaction of Example 38 was repeated with the Generation 2 catalyst using 
the inorganic bases potassium carbonate and sodium acetate and the organic base 
triethylamine to determine the effect of the base on the reaction in terms of yield and 
recoverability of the catalyst. Results are shown in Table 9 below. Potassium 
carbonate and sodium acetate gave the best yields, and low product yield was found 
using triemylarnine. system. 

Table 9 

1 0 Conversions in the Heck Reaction of Styrene and Bromobenzene 



Base 


Yield of 1st run 


Yield of 2nd run 


K 2 C0 3 


53% 


43% 


NEt 3 


5% 




NaOAc 


39-69% 


20 - 45 % 



EXAMPLE 41 

The possibility of leaching of the catalyst into the reaction mixture was 
determined. The reaction of Example 38 was carried out using the G-2 catalyst, and 
after 16 h, the reaction was filtered under nitrogen. A further 2 mmol of styrene and 
bromobenzene was added and sample was taken for GC analysis. The reaction was 
run for a further 48 h and no further reaction of the mixture took place. 

EXAMPLES 42-49 

20 The generality of the catalytic system was investigated for a variety of 

haloarenes, and the results are presented in Table 10. The reaction of Example 38 was 
followed using the G-2 catalyst. 2.0 mmol each of the reactants and 2.2 mmol of 
NaOAc were mixed with 50 ml of DMF, and allowed to react at 1 20°C for 48 hrs. 
Yields were determined by NMR analysis. It was found that the reaction of bromo and 
iodobenzene gave similar yields with no detectable product using chlorobenzene. 
Electron withdrawing substituents (nitro, ester) gave relatively low yields and 
conversions, while electron donating groups (methoxy, methyl) gave moderate to 
good yields of coupled products. The catalyst system was also found to be active for 
thiophenes with no catalyst poisoning resulting from the sulfur atom. 
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Table 10 









S 3 v 




s 1 - 


\ / 


> S 2 + 


/ 


/ \ -a 


Ex. 


S> 




Isolated yield of 


Isolated yield 








S3=CYO^O n Bu 

(%) 


S 3 =Ph 
(%) 


42 


I 


H 




68% 


43 


Br 


H 


85% 


69% 


44 


CI 


H 




0% 


45 


Br 


Me 


76% 


81% 


46 


Br 


OMe 


75% 


85% 


47 


Br 


C(0)OMe 


61% 


59% 


48 


Br 




45% 


31% 


49 


Br 


9^ 


67% 


76% 



The invention may be varied in any number of ways as would be apparent to a 
person skilled in the art and all obvious equivalents and the like are meant to fall 
within the scope of this description and claims. The description is meant to serve as a 
guide to interpret the claims and not to limit them unnecessarily. 
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We claim: 

1 . A supported dendrimer composition comprising a siloxy core and branches 
emanating from the core, wherein said core is directly and covalently bonded to 
a solid support. 

2. The supported dendrimer composition as in Claim 1 wherein the solid support is 
selected from the group consisting of Si0 2 , Ti0 2 , A1 2 0 3 , Zr0 2 , clays, zeolites, 
modified carbons, and organic resins. 

3 . The supported dendrimer composition as in Claim 2 wherein the siloxy core and 
branches are of the . formula 

Si(0) m (OH) 3 . m [ZN](AB) g (T) 2g 

wherein: 

Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
A is -(CHR 3 )CHR4Y-; 

Y is selected from the group consisting of -C(0)NH-, -P(0)(OR 5 )NH-, 
and -C(N)NH-; 

B is -R$NH -; 

T is selected from the group consisting of H, alkyl, -(CR 8 R9) y NH 2 , 
-(CRgR9)yP(Rio)2> and -(CR 8 R9) y P(NH) 2 , 

R 3 , R^ y R 5 , R 8 , and R9 are independently selected from the group 
consisting of hydrogen, alkyl or aryl; 

R$ is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

RjO is selected from the group consisting of hydrogen, alkyl, aryl, 
alkoxy and aryloxy; 
m = 0-3; 
y = 2-12; and 

G 

g = ^2 G where G = number of generations in the dendrimer. 

1 

4. The supported dendrimer composition as in Claim 3 wherein: 

Z is -(CR 1 R 2 )(CH 2 ) X -, where R\ and R 2 are hydrogen or alkyl and x is 
1-11; 

A is -C(0)NH; and 
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T is -(CR 8 R9)yNH2, where Rg and R9 are independently selected from the 
group consisting of hydrogen, alkyl or aryl. 

. 5. The supported dendrimer composition as in Claim 4 wherein the solid support is 
Si0 2 , Z is -(CH 2 ) 3 -, A is -(CH 2 ) 2 C(0)NH- J B is -(CH^N-, and T is 
-(CH2) 2 NH 2 . 

6. The supported dendrimer composition as in Claim 3 wherein the dendrimer is 
complexed at T with a transition metal. 

7. The supported dendrimer composition as in Claim 6 wherein Z is -(CH^-, A is 
-(CH 2 ) 2 C(0)NH-, B is -(CH 2 ) 2 N-, T is -(CH^Nf^ , the solid support is Si0 2 , 
and the transition metal is Rh. 

8. A process for the preparation of a dendrimer composition supported on a solid 
support comprising the steps of: 

a. directly attaching a siloxy core group to the solid support by covalent 
bonding between at least one oxygen on the siloxy group and the surface of the 
solid support; 

b. directly attaching a linker group to the core group, wherein the linker 
molecule contains at least two reactive functional groups; and 

c. constructing the arms of the dendrimer utilizing the core group as the 
starting point of the dendrimer. 

9. A process for the preparation of a supported dendrimer composition, 
wherein a siloxy core is directly and covalently bounded to a solid support comprising 
the steps of: 

a. constructing the arms of the dendrimer utilizing a core group as the 
starting point of the dendrimer, wherein the core group is attached via a linker 
group to a siloxy core group; and 

b. directly attaching the siloxy group to the solid support via covalent 
bonding between at least one oxygen on the siloxy group and the surface of the 
solid support. 
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10. The process as in Claim 8 or 9 wherein the solid support is selected from the 
group consisting of SiC>2, Ti0 2 , A1 2 0 3 , Zr0 2 , clays, zeolites, modified carbons, 
and organic resins. 

11. A process as in Claim 10 wherein said supported dendrimer composition is of 
the formula 

Si(0)„,(OH)3. m [ZN](AB) g (T)2g 

wherein: 

Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
A is -(CHR 3 )CHR4Y -; 

Y is selected from the group consisting of -C(0)NH-, -P(0)(OR 5 )NH-, 
and-C(N)NH-; 

B is -R$NH -; 

T is selected from the group consisting of H, alkyl, -(CRgR^Nt^, 
-(CRgR^yP^ok, and -CCR 8 R 9 ) y P(NH) 2 , 

R 3> R4, R 5 , R 8) and R9 are independently selected from the group 
consisting of hydrogen, alkyl or aiyl; 

R$ is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

RjO is selected from the group consisting of hydrogen, alkyl, aryl, 
alkoxy and aryloxy; 
m = 0-3; 
y = 2-12; and 

G 

g=^2 Cr where G = number of generations in the dendrimer. 
1 

12. The process as in Claim 1 1 wherein the solid support is Si0 2 , Z is -(CH 2 ) 3 -, A is 
-(CH^CCOJNH-, B is -(CH^N-, and T is -(CH 2 ) 2 NH 2 . 

13. The process as in Claim 1 2 wherein the supported dendrimer composition is 
complexed at T with a transition metal. 

14. The process as in Claim 13 wherein Z is -(CH 2 ) 3 -, A is -(CH 2 >2C(0)NH-, B is 
-(CH^N-, T is -(CH 2 >2NH 2 , the solid support is Si0 2 , and the transition metal 
is Rh. 
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15. A hydrofoimylation process comprising reacting an ethylenically unsaturated 
compound with a source of CO and H2 in the presence of a supported catalyst, 
wherein the supported catalyst is a supported dendrimer composition comprising 
a siloxy core and branches emanating from the core, wherein said core is directly 
and covalently bonded to a solid support. 

16. The process as in Claim 15 wherein the solid support is selected from the group 
consisting of SiC>2, TiC>2, AI2O3, Zr0 2 , clays, zeolites, modified carbons, and 
organic resins. 

1 7. The process as in Claim 1 6 wherein said supported dendrimer composition is of 
the formula 

wherein: 

Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alky I chain, cycloalkyl group, and aryl; 
Ais-(CHR 3 )CHR 4 Y-; 

Y is selected from the group consisting of -C(0)NH-, -P(0)(OR 5 )NH-, 
and-C(N)NH-; 

B is -R^NH -; 

T is selected from the group consisting of H, alkyl, -(CRgR^yNI^, 
-(CR 8 R 9 ) y P(R 1 o)2, and -(CR 8 R9) y P(NH) 2 , 

R3, R4, R5, Rg, and R9 are independently selected from the group 
consisting of hydrogen, alkyl or aryl; 

R^ is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

RlO is selected from the group consisting of hydrogen, alkyl, aryl, 
alkoxy and aryloxy; 
m = 0-3; 
y = 2-12; and 

G 

g =^2 C where G = number of generations in the dendrimer. 
1 

1 8. The process as in Claim 1 7 wherein the solid support is Si0 2 , Z is -(CH 2 )3-, A is 
-(CH 2 )2C(0)NH-, B is -(CH^N-, and T is -(CH 2 ) 2 NH 2 . 

1 9. The process as in Claim 1 8 wherein the supported dendrimer composition is 
complexed at T with a transition metal. 
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20. The process as in Claim 1 9 wherein Z is -(CH 2 ) 3 -, A is -(CH 2 ) 2 C(0)NH-, B is 
-(CH 2 ) 2 N-, T is -(CH 2 ) 2 NH 2 5 the solid support is Si0 2 , and the transition metal 
isRh. 

21. A process for carbon-carbon bond formation comprising contacting an 
unsaturated halide of the formula R'-X wherein X is a halogen and R' is selected 
from the group consisting of aryl, alkenyl and alkynyl, with a vinylic compound 
of the formula H 2 C=CH-R" wherein R" is selected from the group consisting of 
hydrogen, hydrocarbyl, substituted hydrocarbyl, hydrocarbylarnino, alkoxy, 
aryloxy, heterocyclic, carboxy and carboxyester, to produce a compound of the 
formula R'-CH=CH-R" in the presence of a supported Pd catalyst, wherein the 
supported catalyst comprises a supported dendrimer composition comprising a 
siloxy core and branches emanating from the core, wherein said core is directly 
and covalently bonded to a solid; and optionally wherein the Heck reaction is 
performed intramolecularly resulting in a cyclic compound where R' and R" 
together form a ring. 

22. The process as in Claim 21 wherein the solid support is selected from the group 
consisting of Si0 2 , Ti0 2 , A1 2 0 3 , Zr0 2 , clays, zeolites, modified carbons, and 
organic resins. 

23. The process as in Claim 22 wherein said supported dendrimer composition is of 
the formula 



Si(O) m (OH) 3 . m [ZN](AB) g CT02g 

wherein: 

Z is selected from the group consisting of optionally substituted 
C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 
A is -(CHR 3 )CHR4Y -; 
Y is selected from the group consisting of -C(0)NH- 5 -P(0)(OR 5 )NH-, 
and -C(N)NH-; 

Bis -R^NH 

45 T is selected from the group consisting of H, alkyl, -(CRgR9)yNH 2 , 

-(CR 8 R9) y P(R 10 ) 2 , and -(CRgR^CNH^, 

R3, R4, R5, Rg, and R9 are independently selected from the group 
consisting of hydrogen, alkyl or aryl; 
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R$ is selected from the group consisting of optionally substituted 

C2-C12 straight chain or branched alkyl chain, cycloalkyl group, and aryl; 

R 10 is selected from the group consisting of hydrogen, alkyl, aryl, 

alkoxy and aryloxy; 
m = 0-3; 

y = 2-12; and 

G 

g = ^ 2° where G = number of generations in the dendrimer. 

i 

24. The process as in Claim 23 wherein the solid support is Si0 2 , Z is -(CH2)3-, A is 
-(CH 2 )2C(0)NH-, B is -(CH 2 ) 2 N-, and T is -(CH 2 )P(C 6 H 5 ) 2 . 

25. The process as in Claim 24 wherein the supported dendrimer composition is 
complexed at T with Pd. 



26. The process as in Claim 25 wherein R' is selected from the group consisting of 
aryl and substituted aryl, and R" is selected from the group consisting of 
carboxy, carboxy ester, aryl and substituted aryl 
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